Objective: The aim of this study was to measure the apparent digestibility of fat and the transit time upon addition of whole sunflower seeds (SU) or flaxseeds (FL) to rye breads consumed as part of a whole diet. Method: In a randomized crossover study, gross intake and faecal excretion of fat and energy were measured in 11 young healthy men aged 24.672.7 years. During each 7 days intervention periods, the subjects received a basal diet plus 300 g of one of four rye breads: (1) rye bread; (2) rye bread with SU; (3) rye bread with FL; (4) low extraction rate rye bread with SU and FL. Fat binding properties of rye breads (1) and (3) were determined by in vitro digestion. Results: Addition of whole SU or FL to breads increased daily gross intake of fat and energy (Po0.001). The amounts of apparently digested fat (g/day) and energy were lowered when subjects consumed the SU or FL rye bread (Po0.001). The effect on energy digestibility of FL was more pronounced than that of SU. The in vitro fat digestibility of rye breads and whole diets show fat-binding properties of FL when compared to the rye bread diet (Po0.05). Conclusions: Enrichment of bread with whole FL does not appear to result in increased fat and energy intake when added to breads, but the results rather indicate an impairment of nutrient utilization.
Introduction
The global increase in overweight and obesity is a result of long-term energy imbalance with energy intake exceeding energy expenditure. Dietary fat is an important determinant for energy density of the diet and thereby for energy intake (Astrup, 2002; Rolls, 2003) ; however, its role in the increasing prevalence of obesity is currently of dispute (Astrup et al., 2002) .
A common strategy for reducing the risk of overweight and obesity has been to reduce average energy intake by lowering fat intake. According to the Nordic Nutrition Recommendations (NNR) consumption of fat should provide 25-35E% (energy percent), where the actual fat intake in 31-35% in the Nordic countries; however, a fat intake of less than 30% is recommended for obese individuals (Nordic Council of Ministers, 2004 ). An additional strategy may be to consume foods with a low digestibility. It is well established that dietary fibre greatly influences the digestibility of energy and energy-contributing macronutrients (Southgate and Durnin, 1970; Goranzon and Forsum, 1987; Livesey, 1990 Livesey, , 1995 Baer et al., 1997; Brown et al., 1998; CastigliaDelavaud et al., 1998) . Furthermore, dietary fibre intake has been proposed to increase satiety and thereby reduce energy intake and body weight (Howarth et al., 2001) . It is recommended that adults consume 25-35 g/day of dietary fibres, which is higher than the average daily intake of approximately 20 g in the Western countries (Nordic Council of Ministers, 2004) .
In deriving at an empirical equation for the relationship between digestible energy and the intakes of dietary gross energy and dietary fibre, Livesey (1991) used published observations on 43 human diets with varied intakes of dietary fibre (2-93 g/day) (Livesey, 1991) . In four diets described as whole grain diets, the loss of faecal energy was much greater than expected, suggesting that whole grain foods may exert a special effect on energy digestibility due to encasement of macronutrients in the foods.
The concept of partial digestibility was first introduced in animal energetics to describe differences in overall digestible nutrients when a supplement was added to a basal diet (Kleiber, 1987) , and was later applied to human diets (Livesey, 1989; Wisker et al., 1992) . Livesey (1990) calculated the partial digestible energy values for unavailable carbohydrates in a number of human diets and found values ranging from À20 to þ 10 kJ/g unavailable carbohydrates added (Livesey, 1990) .
Flaxseeds (FL) and sunflower seeds (SU) are rich in dietary fibre (28 and 10/100 g, respectively), but also contain high amounts of dietary fat (34 and 50/100 g, respectively) (US Department of Agriculture, 2003) . Both types of seeds are often added to commonly consumed foods like breads and muffins where they add moisture and taste and thereby palatability to the final product. Further, FL have been identified as an excellent source of plant lignans (Nesbitt et al., 1999) and a-linoleic acid (Freese and Mutanen, 1997b; Sanderson et al., 2002b) , which makes the dietary intake of FL of interest from a health-promoting point of view.
The aim of the present study was to investigate the effects on the apparent digestibility of fat and energy and on gut transit time upon addition of whole SU or FL to rye bread. A specific objective was to calculate the partial digestible energy value of whole SU and FL, respectively.
Methods

Study design
The study comprised four intervention periods of 7 days duration each, separated from each other by a 7-days' washout period, in which the subjects consumed their own diet. The subjects were assigned to one of four dietary interventions in a random crossover design. During the intervention periods, all subjects received the same basal diet plus 300 g of rye bread composed as described below. The only dietary difference during the intervention periods was the consumption of the four different types of rye bread. During the study the participants lived at home but came to the Department of Human Nutrition to collect their food every day. On each Friday they were given foods for the weekend for home consumption.
Subjects
Thirteen healthy young male subjects (24.672. 7 years; body mass index 22.571.7 kg/m 2 ) were recruited for the study from universities in Copenhagen. None of the subjects used medicine regularly and all were non-smokers. The subjects were instructed to keep their physical activity levels constant and to abstain from alcohol throughout the study. The subjects were weighed at the beginning of each intervention period and at the end of the last intervention period. All subjects were given written and oral information about the study before signing an informed consent. The protocol was approved by the Municipal Ethical Committee of Copenhagen and Frederiksberg (Journal no. KF 01-070/01). Two subjects were excluded from the study due to missing values and use of antibiotics, respectively.
Diets
The diets were composed of food items typical for a Danish diet, but meeting the Nordic Nutrient Recommendations for macronutrient intake: protein, 10-20E%; fat, 25-35E%; carbohydrate, 50-60E% and dietary fibre intake, 3 g/MJ (Nordic Council of Ministers, 2004) . Three daily basal menus were composed and distributed in rotation to the subjects during the intervention periods. Fat content ranged from 30 to 33E%, and dietary fibre from 1.2 to 1.5 g/MJ (data not shown).
Four different rye breads were composed: C, whole grain rye bread (control); SU, control with SU; FL, control with FL; and SU-FL: low extraction rate (flour produced of a lower percentage (67%) of the rye grain) rye bread with SU and FL ( Table 1 ). The C, SU and FL rye breads were made from whole grain rye flour and sourdough whereas the SU-FL rye bread was made from low extraction rate rye flour and sourdough. Sunflower seeds (6.2/100 g bread) and FL (6.2/100 g bread) substituted the whole grain rye flour in the SU and FL rye breads, respectively, whereas in the SU-FL rye bread, SU (6.8/100 g bread) and FL (6.1/100 g bread) substituted the low extraction rate rye flour. The rye breads were produced according to the traditional procedure using sourdough, and the amount of seeds added also followed a traditional commercial recipe. SU and FL were hydrated in water for 2 h before dough making. After mixing all the ingredients slowly for 10 min the dough rested for another 10 min before it was divided into bread pans. The dough was rising for 72 min in a rising chamber at 301C and 85% relative humidity before it was baked for 72 min at 2201C. The breads were cooled for 1 h before packing. The C and SU-FL rye breads were commercially available in Denmark, whereas the SU and FL rye breads were composed for the present study; all breads were produced by Schulstad Bread (Hvidovre, Denmark).
Each subject received 300 g of rye bread per day besides the basal diet, which was given in amounts to ensure that the total daily energy needs of each subject were met as estimated by the method by WHO (1985) (Adams, 1995) . The subjects were instructed to eat all food items delivered and to return any food items not consumed.
Collection of faecal samples and determination of transit time
Transit time was estimated using the single stool method of Cummings and Wiggins (1976) . At breakfast on days 4, 5 and 6, the subjects were given a dose of 60 radio-opaque markers with a specific gravity between 1.25 and 1.60 (MediFact, Göteborg), with a different shape of marker each day. The first stool passed after rising on day 7 of each intervention period was collected in plastic containers and immediately delivered to the Department of Human Nutrition. The faecal samples were weighed and frozen immediately after delivery. The content of markers was analysed by X-ray. The exact time for intake of the plastic markers and collection of stool together with the amount of the two markers present in the greatest amounts, were used to estimate the mean transit time for each subject.
Chemical analysis
Basal menus, breads and stool samples were freeze-dried and homogenized before chemical analyses, which were all carried out in duplicates. Dry matter (DM) content was determined after drying 1 g samples (20 h at 851C for the basal menus and test breads; 20 h at 1001C for the stool samples). Gross energy was determined by adiabatic bomb calorimetry calibrated with benzoic acid (IKA C 400 A). Fat was determined gravimetrically after acid hydrolysis to liberate saponified fatty acids according to the method of Bligh and Dyer (1959) . Dietary fibre was defined as nonstarch polysaccharides (NSP) and determined in test breads and basal diets as alditol acetates by GLC for neutral sugars and by a colorimetric method for uronic acids using a modification of the Englyst et al. (1982) as described by Knudsen (Knudsen, 1997) .
In vitro determination of fat binding properties of FL To substantiate further the findings of the human intervention study, a two-step in vitro digestion was applied to assess the digestion of lipids from the test diets. This method mimics the digestion of foods in the gastrointestinal (GI) tract, that is the stomach and small intestine.
Freeze-dried test samples of whole FL, rye flour, C and FL rye breads and diets with similar composition as in the human intervention trial including C or FL rye breads were pre-milled. The samples were incubated with pepsin (pH 2.0) for 75 min followed by in vitro digestion with pancreatin (pH 6.8) for 18 h (the enzyme digestible organic matter (EDOM) method) (Boisen and Fernandez, 1995) . After in vitro digestion, DM content was determined after freeze drying in undigested samples as well as in soluble and insoluble fractions of the EDOM samples. Total lipid content of the native samples and soluble and insoluble EDOM fractions of test samples was determined using supercritical fluid extraction without and with addition of modifier (ethanol) to include both lipophilic and amphipilic lipid fractions (Buskov et al., 1997) .
Calculations and statistical analysis
The average daily stool weight of each subject was estimated from the weight of the first stool passed on day 7 corrected to a theoretical marker output of 60 markers/day, as this was the amount of markers given daily on days 4-6 and thus the amount to be excreted within a period of 24 h. Absorption of fat and energy was calculated as the difference between intake and faecal loss, expressed as a percentage of nutrient intake.
Partial-digestibility energy values (DE partial ) of SU and FL were calculated according to the formula for substances replacing another substance with an apparent digestibility less than 1.0 (Livesey, 1990) 
where DH seed is the heat of combustion ( ¼ gross energy) of the seeds, and Z ¼ DFE/DGE þ (1ÀD o ), where DFE and DGE are the changes in faecal energy and changes in gross energy (Livesey, 1990) . All statistical analyses were performed in SAS System for Windows (release 8.2, SAS Institute Inc., Cary, NC, USA). Analysis of variance was performed in the procedure MIXED, where significant differences were found, paired t-test for comparison of the four diets was applied using Tukey's post hoc test. The results are given as mean7s.e. of the estimate (s.e.e.). The results from the in vitro study are shown as mean7s.d. The in vitro results were analysed by unpaired Student's t-test. P-values o0.05 are considered significant.
Results
Human study
There was no significant changes occurring in average body weight during the 8 weeks' study period. The compliance to the diets delivered during the intervention periods was assessed to be high, as no food items were returned.
Inclusion of the SU and FL was reflected in the measured gross fat and energy content of the test breads. Fat content per 100 g bread ranged from 1.8 g in rye bread C to 7.3 g in rye bread SU-FL and energy content per 100 g bread ranged from 910 kJ in rye bread C to 1138 kJ in rye bread SU-FL (Table 1) .
Faecal dry weight and faecal water content were significantly affected by diet ( Table 2 ). The faecal dry weight was significantly higher in subjects receiving the rye bread FL (84.076.6 g/day) compared to the rye bread C (62.076.6 g/day) and SU (61.176.6 g). The average transit time of 33.372.0 h was not affected by diet.
Gross fat intake was significantly affected by diet with the highest average fat intake of 12172 g/day in the subjects consuming the rye bread SU-FL and the lowest fat intake of 10472 g/day in the subjects consuming the rye bread C (Table 2) . Also, faecal fat excretion was significantly affected, ranging from a daily excretion of 8.671.6 g/day in subjects consuming the rye bread C to 25.071.5 g/day in subjects consuming the rye bread SU-FL. Faecal fat excretion was similar after consuming the FL rye bread (22.271.5 g/day) and SU-FL rye bread (25.071.5 g/day). Apparent fat digestibility ranged from 79.072.0% in the rye bread SU-FL to 92.171.9% after consuming the rye bread C. Fat digestibility (%) was significantly higher in the rye bread C (92.171.9%) than in diets with SU, FL and SU-FL breads (Po0.001). No significant differences were seen between the three latter breads, but a tendency to a greater effect of adding FL than SU was noticed.
Variation in gross energy intake mirrored the variation in gross fat intake ( Table 2 ). Gross energy intake was significantly affected by diet with a significantly higher gross energy intake of 15.370.3 MJ/day in subjects consuming the diets with rye bread SU-FL compared to the other diets. Faecal energy excretion was significantly affected by diet with the highest faecal energy excretion in the subjects consuming the rye bread FL (1.970.1 MJ/day), which was not different from the rye bread SU-FL (1.770.1 MJ/day). However, the amount of energy digested (MJ/day) was significantly lower after consuming the FL rye bread compared to the SU and SU-FL rye breads, but not rye bread C. Apparent energy digestibility (% of intake) varied between diets with the highest values in the subjects consuming the diets with rye bread C (91.771.0%) and the rye bread SU (90.871.0%) compared to when subjects consumed the rye bread FL (87.371.0%). Apparent energy digestibility (% of intake) when subjects consumed the rye bread SU-FL (88.671.0%) did not differ from when subjects consumed the other three diets.
Gross energy content of the SU and FL was 29.4 and 24.7 kJ/g, respectively. The partial digestible energy values of the SU and the FL were (mean7s.e.m.) 19.877.7 and À27.3717.5 kJ/g, respectively corresponding to a partial digestibility of 0.6770.25 and À1.1070.66, respectively. Table 2 Faecal dry weight, faecal water content and transit time, gross fat and intake, faecal fat and energy excretion, fat and energy digestibility and amount of digested fat and energy in healthy subjects consuming a basal diet and C bread: whole grain rye bread (Control), SU bread: control þ sunflower seeds, FL bread: control þ flaxseeds, and SU-FL bread: low extraction rate rye bread þ SU þ FL (mean7SEE) (n ¼ 11) 
In vitro study
The share of insoluble material after in vitro digestion of rye breads and diet samples and the total content of lipids and oils in the insoluble and soluble fractions are shown in Table 3 . The insoluble fraction represents the amount of material, which is not digested by the enzymes in the GI tract and thus is recovered in the faeces. A higher content of lipids and oils was recovered from the insoluble fractions in rye bread with FL (2.2670.33% of DM) compared to the control rye bread (1.0770.64% of DM; Po0.05). Also the lipid and oil content of the insoluble fraction of the diet with FL containing rye bread (4.2070.29% of DM) was higher than that of the control diet (3.1770.42% of DM; Po0.05).
The lipid and oil content of the soluble fractions were similar in C rye bread compared to FL rye bread and in diet with the FL rye bread compared to the diet with the C rye bread after in vitro digestion.
Discussion
The results from the present study show that FL substituting 10% of the whole grain rye flour in rye bread result in an increase in the faecal fat excretion equivalent to the fat intake from the FL themselves. However, the amount of energy excreted daily when FL were added (DE ¼ 0.7 MJ) exceeded that of the energy from the added FL themselves (DE ¼ 0.3 MJ), resulting in a negative partial digestible energy value for FL of À27.3 kJ/g. Sunflower seeds display only to some extent these properties; however, only 67% of the gross energy in SU is apparently digested. The amount of FL used in this study (6.2/100 g rye bread) is that commonly found in commercially available rye breads in Denmark, but the daily added amount of 300 g of breads only corresponds to approximately 5 g of dietary fibre.
The results from the human study can either be due to inhibition of the pancreatic lipase activity, or binding of fat in the GI tract by FL. The in vitro studies support the latter, in that addition of FL to rye bread increases the amount of lipids and oils of the insoluble fraction after in vitro digestion representing the indigestible material. This increase in the share of insoluble material corresponds to the undigested fraction of the food, which is recovered in the faeces.
From a health perspective, the use of whole SU and FL in commercial bread production systems has been augmented due to their relatively high content of dietary fibre. On the other hand, the high fat content of both SU and FL has been claimed to diminish the nutritional value of the seeds and induce an increased intake of fat and energy. However, these postulations are challenged by the result presented here.
It has repeatedly been demonstrated that dietary fibre is effective in reducing transit time through the gut and in increasing stool bulk (Burkitt et al., 1972; Cummings et al., 1992) . In the present study the total average intake of dietary fibre between the dietary groups varied between 35.5 and 42.0 g dietary fibre/day (results not shown), but no significant differences were found between the dietary groups with respect to mean transit time. Using the continuous marker method over several weeks, Cummings and Wiggins (1976) showed that a dose of 20 or 80 markers daily resulted in similar estimates of transit time and that the results correlated significantly with the single stool method applied in the present study. The transit time was 33.372.3 h, which is comparable to the transit time found in earlier investigations on healthy young males consuming a diet rich in dietary fibre (Cummings and Wiggins, 1976; Cummings, 2001) .
The FL dietary fibre (the mucilage) is a group of heterogenic polysaccharides present on the outside of the seed coat comprising mainly arabinoxylans (pentosans) and galacturonic acid (Bhatty, 1995) . The present study confirms earlier observations that pentosans present as arabinoxylans in rye and rye bread have a particular stool-bulking effect , and that the arabinoxylans present in FL have an additive effect on faecal bulking, that is, a significantly higher faecal DM content (Table 2) . A significantly larger amount of indigestible material after in vitro digestion of rye bread containing FL compared to the control rye bread also points towards a stool-bulking effect by the FL. This concurs with the laxative effects of whole FL known and practiced since ancient times (Judd, 1995) . We propose that the FL mucilage layer is responsible for this effect, as has been pointed towards in an animal study, where chickens were fed whole FL or demucilaged FL. Whole FL induced a decreased nutrient utilization, while removing the mucilage layer from the seeds diminished this effect (Alzueta et al., 2003) .
Upon hydration, the mucilage of FL expands extremely rapidly to many times its original dimensions and due to the suberized inner walls of the mucilaginous cells, the mucilage will migrate into the surrounding solution leading to a dramatic increase in the viscosity of the media (Freeman, 1995) . In the present study, both in vivo and in vitro findings suggest that FL interfere with the digestion and absorption of dietary fat. In the in vitro studies, a larger proportion of the recovered oils and lipids were present in the insoluble (undigested) than in the soluble (digested) fraction, when FL were added to the rye breads, and in vivo apparent digestibility decreased with increasing amounts of FL added to the breads.
Considerable nutritional interest has been paid to FL, particularly to the high concentration of a-linoleic acid, which are known to be essential for maintaining health. Also, both whole and ground FL have been shown to exert positive effects on blood lipids, fatty acid composition and platelet function in humans (Freese and Mutanen, 1997a; Sanderson et al., 2002a) . But to our knowledge, no human studies have been conducted to study the digestibility of the fat from whole FL. Thus, another explanation for the findings of the present study is that the digestion of the FL fat in the endosperm is impeded by the physical encapsulation of the fat of the whole FL. Ellis et al. (2004) showed that chewing of almond seeds did not disrupt cell walls sufficiently to release intracellular lipids. This phenomenon may be more marked for FL, which due to their small size to a large extent will be swallowed whole.
It is unlikely that fat digestibility was affected by cyanogenic glycosides, as these are heat labile, and not detectable in baked products containing 150 g FL/kg (Cunnane et al., 1993) .
The most likely explanation for the results obtained in the present study is therefore a combination of the effects on apparent digestibility of the dietary fat from the diet by the mucilage, the oxidative unstable FL lipids, and the physical encapsulation of the fat from the endosperm of the FL. The study is strengthened by its carefully controlled design, in that all foods and drinks were provided by the department. However, stool output was estimated based on a single stool sample, which is a method only validated with regard to estimation of transit time, thus representing a weakness of the study. The results presented here need to be reproduced to substantiate our conclusion, and further studies are needed to clarify the mechanisms by which FL interfere with fat absorption as well as the component responsible.
Conclusions
On the basis of the results from the present study enrichment of bread with whole FL does not appear to result in increased fat and energy uptake when added to breads, despite an increased fat and energy intake. Addition of whole FL to rye bread impair apparent fat absorption (g/day) of the whole diet significantly when consumed in amounts of 18 g/day, and a negative partial digestible energy value for FL of À27 kJ/g FL.
